To provide new insights into the mechanisms through which seminal plasma proteins (SPP) are able to protect spermatozoa, we tested the hypothesis that apoptosis can contribute to the negative effect of refrigeration on ram spermatozoa, and that SPP prevent this damage. Having proved the presence of key constituents of apoptosis-related pathways in ram sperm protein extracts, we carried out a comparative analysis of the effects of the addition of SPP before refrigeration (158C, 30 min) and induced-apoptosis with betulinic acid or fibroblast-associated receptor ligand, assessing sperm quality parameters and apoptotic markers. The protective effect of SPP on plasma membrane integrity and potential, motility and mitochondrial inner membrane potential, and surface (cardiolipin content) was evidenced in refrigerated and induced-apoptosis samples. The addition of SPP resulted in lower values of phosphatidylserine externalization, DNA damage, and caspase activity. Therefore, apoptosis in fresh or refrigerated ram spermatozoa can occur due to activation of both the extrinsic and the intrinsic mediated pathway, and SPP might interfere with both pathways. The addition of SPP also resulted in higher proportions of viable, noncapacitated sperm and fertilizing ability (ZBA rate). This report demonstrates that SPP support survival of ram spermatozoa acting not only at the plasma membrane but also by inhibition of capacitation, and proposes the possibility that SPP might interfere with the extrinsic and the intrinsic apoptotic pathways. This opens new, interesting perspectives for the study of cellular regulatory mechanisms in spermatozoa that could be crucial for the improvement of ram semen preservation protocols.
INTRODUCTION
Apoptosis, a form of programmed cell death, is a wellcharacterized mechanism that allows eukaryotes to eliminate unneeded, senescent, or aberrant somatic cells [1] . In general, apoptosis in somatic cells can be induced through extrinsic (death receptor-mediated pathway) or intrinsic (mitochondrial pathway) mechanisms acting at the plasma membrane, mitochondrial, or nuclear levels [2, 3] . Perturbation in mitochondrial function constitutes a central coordinating event in intrinsic apoptosis, leading to caspase activation [4] and DNA fragmentation [5] .
Reproductive cells, such as somatic cells, can undergo apoptosis (see [6] for review). Germ cell apoptosis appears necessary for an adequate spermatogenesis, reducing germ cells to a number that can be effectively supported by the Sertoli cells [7] . Another important purpose of apoptosis in the germ line is to prevent DNA-damaged cells from participating in the process of fertilization [6] . The presence of apoptotic sperm in ejaculated semen has been attributed to several causes, such as the existence of immature sperm [8] , a phenomenon of abortive testicular apoptosis for the elimination of abnormal spermatozoa [9] , an adaptation for the efficient removal of defective sperm from the female tract by phagocytosis without inflammatory response [10] , and pathologic causes [11] . Differences in apoptotic markers between semen with normal and abnormal sperm quality parameters have been shown [12] [13] [14] [15] . Furthermore, a relationship between sperm samples with apoptotic markers and low fertility has been reported in human [11, 16] , bull [17] , ram [18] , and boar [19] .
Phosphatidylserine (PS) translocation is an apoptotic marker that allows the cell to be recognized by phagocytes [20] . The generation of free radicals by the mitochondria, producing oxidative stress, may be one of the factors that trigger the apoptotic cascade in spermatozoa (see [6] for review). Activation of caspases (cysteinil aspartate proteases), the main transducers and effectors of the apoptosis signal, is an essential event leading to programmed cell death. DNA fragmentation is a marker for late-stage apoptosis that can be partially caused by activation of caspase-3 [21] , which inactivates poly (ADPribose) polymerase (PARP), a DNA repair enzyme, subsequently inhibiting repair of damaged DNA. Certain of these characteristics, such as PS translocation, DNA fragmentation, activation of caspases, or mitochondrial impairment, have been shown in mature sperm of different mammalian species such as human [6, 8, 11, 22] , bull [17] , ram [23, 24] , boar [19] , and horse [25] .
We have already shown a relationship between the percentage of highly motile, viable, noncapacitated sperm and low levels of apoptotic markers [24] . However, other studies were unable to verify this relationship [26] .
Cryopreservation of spermatozoa induces not only cell death but also sublethal damages associated to apoptosis in the surviving sperm population [17, [27] [28] [29] [30] . This damage affects all sperm compartments and is responsible for the loss of sperm motility, one of the major parameters related to fertility that has been widely studied. Cryoinjury also results in reduced viability, acrosomal integrity, and fertilizing capacity and damaged DNA [31] . Certain characteristics of frozen-thawed bull [27] and human [6] spermatozoa have been described as apoptosis-like features, although the immediate DNA cleavage typical of apoptosis in somatic cells was not found in those studies. However, we have recently shown an increase in PS externalization and DNA fragmentation (both markers of terminal apoptosis in somatic cells) during ram sperm refrigeration [23, 32] . This difference might be due to the extremely high sensitivity of ram spermatozoa to cold shock [33] , which results in reduced sperm quality and fertility rate after the application of standard artificial insemination breeding techniques, which is usually performed with refrigerated doses. Several reports have shown that cryoinjury induces sperm changes similar to those observed during in vitro capacitation [34] [35] [36] . Given that these modifications occur far away from the oocyte, this premature capacitation related to cold shock results in a decreased fertilization rate.
Seminal plasma (SP) is a key modulator of sperm functionality (reviewed by [37, 38] ). Certain features of sperm cryoinjury can be prevented by the addition of SP, which accounts for an improvement in sperm quality parameters [39] [40] [41] [42] [43] and reduced capacitation-related events [35, [44] [45] [46] . In addition, we have already shown that seminal plasma proteins (SPP) are able to repair ram sperm membrane damage induced by cold shock [39, 47] or detergent treatment [42] . Furthermore, the addition of SP has improved subsequent fertility following artificial insemination in ram [48] , boar [49] , and stallion [50] . The action of SP is dependent on sperm-related factors, in particular the type of processing to which spermatozoa have been previously exposed [34, 51] . We have identified a specific protein fraction isolated from ram SP responsible for these protective effects [39] , with a protein profile similar to those identified by other authors in ram SP of different breeds [41, 52, 53] .
Gaining further insight into the knowledge of the mechanisms of both the protective effect of SPP against sperm cryoinjury and the possible relationship between refrigeration and apoptosis is of great importance for the improvement of reproductive biotechnologies. Whether premature capacitation and/or apoptosis are induced by cold-shock, an in-depth understanding of the mechanisms involved in these processes is essential in order to reduce or prevent the subsequent damages. In this study, we have tested the hypothesis that apoptosis can contribute to the negative effect of refrigeration (the first step of the freezing-thawing process) on ram sperm cells and that SPP play a protective role. We carried out a comparative analysis of the effects of the addition of SPP to ram sperm samples before refrigeration and induced apoptosis, assessing the sperm quality parameters and the main apoptotic markers. Furthermore, because the protective effect of SPP is related to their decapacitating role [54, 55] , we determined the sperm capacitation status and the fertilizing ability of refrigerated and induced-apoptosis samples with and without the addition of SPP in order to examine the mechanism of the SPP protective effect in greater depth. Our results suggest that there are multiple downstream effectors of SPP involved in sperm survival and that SPP might interfere with apoptotic target molecules, thereby favoring sperm preservation.
MATERIALS AND METHODS

Semen Collection and Processing
All the experiments were performed with fresh semen taken from nine mature Rasa Aragonesa rams using an artificial vagina. All the rams belonged to the National Association of Rasa Aragonesa Sheep Breeders (ANGRA) and were 2-4 yr old. They were housed under uniform nutritional conditions at the Experimental Farm of the University of Zaragoza in compliance with the requirements of the European Union Directive for Scientific Procedures. All experimental procedures were performed under the supervision of the Ethics Committee of the University of Zaragoza. The sires were kept apart, and semen was collected every 2 days, in two successive matings each day. Under these conditions, and using second ejaculates, individual differences are very low, as we have already reported [56] , and pooled ejaculates provide a good quality, uniform sperm sample suitable for representative studies of ram semen. An SPfree sperm population was obtained by a dextran/swim-up procedure as previously described [57] with a swim-up medium devoid of CaCl 2 and NaHCO 3 À [58] .
Sperm Sample Treatments
Aliquots of 1 ml (4 3 10 7 spermatozoa) freed from SP by swim-up [57] were incubated with different amounts of SPP for 15 min at room temperature (RT). Another aliquot was maintained in the same conditions with no added SPP (control sample).
For the induction of mitochondria-derived apoptosis, the samples were incubated with 60 lg/ml betulinic acid (BA; Sigma Chemical Co., Madrid, Spain), which induces intrinsic apoptosis in human spermatozoa [29, 59] , for 30 min at RT.
Receptor-mediated apoptosis (extrinsic apoptosis) was induced by incubating sperm samples with 2 lg/ml fibroblast-associated receptor (CD95/ Fas) ligand (FasL; Sigma), 30 min at RT.
In the experiments with cell-permeable caspase inhibitors, 1-100 lM Caspase Inhibitor X (a caspase-3, -7, and -8 inhibitor) and 0.5-10 ll/ml Caspase-9 inhibitor I (both from Santa Cruz Biotechnology, Madrid, Spain) were added to samples with or without 1.7 mg/ml of SPP that were then incubated for 30 min at RT. The concentration of inhibitors used (10 lM Caspase Inhibitor X and 1 ll/1ml Caspase-9 Inhibitor I) was established as the most effective after several assays (data not shown).
Refrigeration was performed at 158C for 30 min using a programmable water bath.
After incubations, all the samples were centrifuged at 600 3 g for 8 min; 800 ll of the obtained supernatant were removed, and the remainder sperm sample was resuspended with 800 ll of PBS (pH 7.2). In all assays, sperm control samples were maintained in the same conditions with no added SPP.
Dot Blot Analysis
A RayBio Human Apoptosis Antibody Array kit (RayBiotech, Norcross, GA) was employed according to the manufacturer's instructions. Specific antibodies are printed on the membranes, and the technique can simultaneously detect the relative level of 43 apoptosis-related proteins in a cell lysate that is added to the antibody array membrane.
Aliquots of 1 ml (4 3 10 7 spermatozoa) freed from SP by swim-up [57] (control sample) were lysed in 13 lysis buffer containing protease inhibitor cocktail, provided with the kit, at 28C-88C for 30 min. The extracts were transferred to microfuge tubes, centrifuged at 14 000 3 g for 10 min, and loaded onto the membrane. After extensive washing, the membranes were incubated with a cocktail of biotin-conjugated antiapoptotic protein antibodies. After incubation with horseradish peroxidase and streptavidin, the signals were visualized by chemiluminescence. Spermatozoa selected by swim-up (negative control, nontreated sample) and refrigerated were used to verify the presence of the molecular machinery of apoptosis in ram spermatozoa. As a positive control, proteins extracted by hepatocytes previously incubated for 6 h with 60 lg/ml BA, 2 lg/ml FasL, and 6 lM camptothecin (routinely used as a general method for inducing apoptosis; Sigma) were analyzed under identical conditions as sperm samples.
Multiple Sequence Alignment
Fas, cytochrome c, caspase-3, -7, -8, and -9 sequences from different species were obtained and compared by BLAST using human sequences (Basic Local Alignment Search Tool; software version 2.2.4; NCBI, Bethesda, MD).
Microscopic Detection of Caspases
The caspase FITC-VAD-FMK in situ marker (Vybrant FAM Caspase-3 and -7 Assay Kit; Invitrogen, Eugene, Oregon) was used to detect active caspase-3 and -7 [60] . This cell-permeable caspase inhibitor peptide conjugated to FITC covalently binds to activated caspases and functions as an in situ marker for apoptosis [61] . Refrigerated samples of 300 ll (1 3 10 6 cells) containing FITC-VAD-FMK (5 nM) were incubated at 378C and 5% CO 2 in the dark for 60 min. After washing twice with 100 ll of washing buffer (supplied with the kit) by centrifuging at 600 3 g for 8 min at RT, the obtained pellet was resuspended with 300 ll of washing buffer containing 7.3 lM ethidium MENDOZA ET AL.
homodimer.
For sensitive detection of activated caspase-8 and -9, we used the Fluorescein Active Caspase-8 or Caspase-9 Staining kit (Abcam, Cambridge, MA) that utilizes either the caspase-8 inhibitor IETD-FMK or the caspase-9 inhibitor LEHD-FMK, respectively, conjugated to FITC (FITC-IETD-FMK or FITC-LEHD-FMK) as a fluorescent in situ marker. Both kits provide a convenient means of sensitive detection of activated caspase-8 or -9 in living cells. The FITC inhibitors are cell permeable, nontoxic, and irreversibly bind to activated caspase -8 or -9 in cells. Samples were processed according to the manufacturer's instructions and previous use [62] . Aliquots of 300 ll (1 3 10 6 cells) of each sample were mixed with 1 ll of each FITC inhibitor and incubated for 0.5-1 h at 378C with 5% CO 2 . After centrifuging at 600 3 g for 5 min, the supernatant was discarded, and the pellet was resuspended with 500 ll of washing buffer and centrifuged again. The supernatant obtained was discarded again and the cells were resuspended with 300 ll of washing buffer, mixed with 2 ll of 23.3 lM Ethd1, and put on ice. The samples were then examined under a Nikon Eclipse E400 microscope (Nikon, Tokyo, Japan) with a B-2A filter (excitation 450-490 nm) at 4003 magnification. Spermatozoa with active caspase showed green fluorescence.
Indirect Immunofluorescence Assays
Refrigerated sperm samples were diluted (2 3 10 6 cells per milliter) in PBS and fixed in 0.025 % paraformaldehyde at RT for 20 min. After fixation and washing, the samples, processed in triplicate, were placed on Superfrost slides (Superfrost Plus; Thermo Scientific, Waltham, MA) and permeabilized with 0.5% Triton X-100 in PBS for 15 min. Fixation for 5 min in 1.25% paraformaldehyde was repeated. The slides were then washed three times with PBS, and the nonspecific binding sites were blocked with 5% bovine serum albumin (BSA) in PBS for 5 h in a wet chamber. After blocking, the slides were washed again three times with PBS and the corresponding antibody was added. Primary antibodies used in this study were mouse polyclonal anti-caspase-8 and anti-caspase-9 (Santa Cruz Biotechnology, Inc.) diluted 1:20 in PBS with 1% BSA. The samples were incubated overnight at 48C in a wet chamber, washed three times, and incubated again with a chicken anti-mouse Alexa Fluor 594-conjugated antibody (Molecular Probes Inc., Eugene, OR) diluted 1:800 in PBS with 1% BSA for 1 h at RT in darkness. Then, the slides were rinsed three times with PBS, and, finally, 6 ll of 0.22 M 1,4-diazabicyclo[2.2.2] octane (Sigma) in glycerol-PBS (9:1) was added to enhance and preserve the cell fluorescence. The slides were then covered with a coverslip and sealed with colorless enamel. The cells were visualized with a Nikon Eclipse E400 microscope under epifluorescence illumination using a G-2A filter (excitation 510-560 nm) at 4003 magnification. As a control for the specificity of the primary antibodies, all assays were also carried out with no primary antibody, as negative controls, and no detectable fluorescent labeling was found (data not shown). Images were obtained using a microscope digital camera system (Sony 2CCD Color Video Camera and Sony Digital Still Recorder; Sony, Tokyo, Japan), saved, and edited with NIS-Elements Software (Nikon Instruments Inc., Melville, NY).
Western Blot Analysis
Extraction of ram sperm proteins. Aliquots of 4 3 10 6 cells of refrigerated samples were lysed in 100 ll of the extraction medium composed of 2% SDS (w/v), 0.0626 mM TRIS-HCl (pH 6.8), protease, and phosphatase inhibitors (Sigma), and immediately incubated for 5 min at 1008C. After centrifugation at 7500 3 g for 5 min at RT, the supernatant was recovered and 2-mercaptoethanol and glycerol were added to a final concentration of 5% and 1%, respectively. Lysates were stored at À808C.
SDS-PAGE and Immunoblotting
Proteins (15 ll) separated on 16% SDS-PAGE [63] were transferred onto polyvinylidene fluoride membranes using the Transblot Turbo unit (BioRad, Hercules, CA). Nonspecific sites on the membranes were blocked with 5% BSA (w/v) in PBS for 1 h at RT. Then, caspase-8 and -9 were detected with mouse monoclonal anti-caspase-8 and caspase-9 antibodies, diluted 1:100, and incubated overnight at 48C, followed by incubation with a secondary donkey anti-mouse IRDye 800-CW (1:15 000; LI-COR Biosciences, Bonsai Adv. Tech., Madrid, Spain) for 1 h at RT. After extensive washing, the membranes were scanned using the Odissey CLx Imaging System (LI-COR Biosciences).
Sperm Motility Analysis
Motility kinematics parameters underwent computer-assisted measurement using a CASA system (ISAS 1.0.4; Proiser SL, Valencia, Spain) with a video camera (Basler A312f; Basler Vision Components, Exton, PA) mounted on a microscope (Nikon eclipse 50i; Nikon, Tokyo, Japan) equipped with a 103 negative-phase contrast lens and a 103 projection ocular. Aliquots of 1 ml (4 3 10 7 spermatozoa) freed from SP were incubated with 1.7 mg SPP for 15 min at RT and then refrigerated at 158C for 30 min or incubated with either 60 lg/ml BA or 2 lg/ml FasL for 30 min at RT. Control samples were maintained in the same conditions with no added SPP. Samples (6 ll) were placed between prewarmed slides and cover slips and maintained at 378C during analysis by a heated slide holder. From a single field, 25 consecutive digitalized images were analyzed.
The following motion characteristics were compared between control and treated groups: the percentage of total motile (TM) and progressive motile (PM) spermatozoa; curvilinear velocity (VCL), the mean path velocity of the sperm head along its actual trajectory (lm/sec); linear velocity (VSL), the mean path velocity of the sperm head along a straight line from its first to its last position (lm/sec); mean velocity (VAP), the mean velocity of the sperm head along its average trajectory (lm/sec); linearity coefficient (LIN), (VSL/VCL) 3 100 (%); straightness coefficient (STR), (VSL/VAP) 3 100 (%); wobble coefficient (WOB), (VAP/VCL) 3 100 (%); mean amplitude of lateral head displacement (ALH), the mean value of the extreme side-to-side movement of the sperm head in each beat cycle (lm); Bbeat cross frequency (BCF), the frequency with which the actual sperm trajectory crosses the average path trajectory (Hz).
Flow Cytometry Analysis
All the measurements were performed on a Beckman Coulter FC 500 (IZASA, Barcelona, Spain) with CXP software, equipped with two lasers of excitation (Argon ion laser 488 nm and solid state laser 633 nm) and five filters of absorbance (FL1-525, FL2-575, FL3-610, FL4-675, and FL5-755; 65 nm each band pass filter). At a minimum, 20 000 events were counted in all the experiments. The sperm population was gated for further analysis on the basis of its specific forward (FS) and side scatter (SS) properties; other nonsperm events were excluded. A flow rate stabilized at 200-300 cells per second was used.
Viability
Two microliters of each stain ([CFDA; 1 mM; Sigma] and propidium iodide [PI; 0.75 mM; Sigma]) were added to 300 ll of sperm samples (6 3 10 6 cells per milliliter) based on a modification of the procedure described by Harrison and Vickers [64] . Samples were incubated at 378C in darkness for 15 min. The argon laser and filters of 525 and 675 nm were used to avoid overlapping. Monitored parameters were FS log, SS log, FL1 (CFDA), and FL4 (PI).
Cellular Membrane Potential: Measured by DiOC 6
To establish the appropriate conditions, we carried out control experiments staining with 20 nM DiOC 6 [65] (Invitrogen) and 0.1 lM MitoTracker Deep red (MitoT; Invitrogen), a mitochondrion-selective stain that passively diffuses across the plasma membrane and accumulates in active mitochondria; comparative assays with/without 5 lM carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma) were carried out in order to differentiate coupled/ uncoupled mitochondria.
To determine cellular membrane potential (CMP) in all assays, aliquots of 300 ll containing 4 3 10 7 spermatozoa were stained with 20 nM DiOC 6 combined with 7.5 lM PI (to exclude nonviable cells). The samples were incubated at 378C in darkness for 15 min. Monitored parameters were FS log, SS log, FL1 (DiOC 6 ), FL4 (PI), and FL5 (MitoT).
Nonapoptotic-Like Cells/Mitochondrial Inner Membrane Potential
A double stain technique was performed as already reported [66, 67] with slight modifications. YoPro (1 mM in dimethyl sulfoxide [DMSO] ; Invitrogen), a DNA dye used as an apoptotic marker because it only permeates into cells that are beginning to undergo apoptosis, and MitoT (10 lM in DMSO) were used to evaluate mitochondrial membrane potential (DWm).Two microliters of each dye was added to 300 ll (4 3 10 7 ) spermatozoa, and samples were incubated at RT in darkness for 15 min. YoPro emissions were collected with a 525-nm filter and MitoT with a 755-nm filter to avoid spectral overlap. Monitored parameters were FS log, SS log, FL1 (YoPro), and FL5 (MitoT), and calibration of overlapping fluorescence was carried out.
The MitoTracker data were analyzed as suggested by Hallap et al. [68] , by considering spermatozoa with high fluorescence as cells with high DWm. Four different sperm populations were classified according to staining [69, 70] : YoProÀ/MitoTÀ, membrane-intact cells with low DWm; YoProÀ/MitoTþ, PROTECTION OF SPERM BY SEMINAL PLASMA PROTEINS intact cells with high DWm; YoProþ/MitoTÀ, apoptotic cells that have lost the integrity of their plasmalemma and with low DWm; and YoProþ/ MitoTþ, cells that have lost the integrity of their plasmalemma although with high DWm.
Mitochondrial Inner Membrane Surface, Cardiolipin Content
Nonyl acridine orange (NAO; Sigma) is preferably incorporated into the inner mitochondrial membrane [71] , where it binds to cardiolipin. A linear relationship between the cardiolipin content of membranes (mitochondrial inner membrane surface [MIMS] ) and the incorporated NAO was demonstrated by Petit et al. [72] .
In this study, we combined NAO (1 lM in DMSO) with PI (7.5 lM) to exclude nonviable cells, based on a modification of the procedure described by Petit et al. [73] . Stained samples (4 3 10 7 spermatozoa) were incubated at RT in darkness for 15 min. Controls with DNP were made to ensure that mitochondrial uncoupling was reflected by the staining (data not shown). Monitored parameters were FS log, SS log, FL1 (NAO), and FL4 (PI).
Annexin V-FITC/PI
Annexin V is a calcium-dependent phospholipid-binding protein with high affinity for PS. We used the simultaneous staining with FITC-Annexin V (Molecular Probes) to detect PS translocation along with PI to differentiate between membrane-intact and -damaged cells, with or without PS translocation. Aliquots of 300 ll (4 3 10 6 cells) were stained with FITC-Annexin V (1 ll) combined with 7.5 lM PI and incubated at 378C in the dark for 15 min in binding buffer. With this technique, four sperm subpopulations were distinguished: events in the lower-left quadrant represented membrane-intact (nonapoptotic) spermatozoa (AnnxÀ/PIÀ), events in the lower-right quadrant represented membrane-intact spermatozoa with PS translocation (Annxþ/PIÀ), events in the upper-right quadrant represented membrane-damaged spermatozoa showing PS translocation (Annxþ/PIþ), and events in the upper-left quadrant represented dead spermatozoa (AnnxÀ/PIþ). Monitored parameters were FS log, SS log, FL1 (FITC-Annexin V), and FL4 (PI).
TUNEL Assay
The presence of apoptosis-like DNA strand breaks in ram spermatozoa was evaluated by the TUNEL (terminal transferase-mediated dUDP nick endlabeling) assay using an In Situ Cell Death Detection Kit with fluorescein isothiocyanate (FITC)-labeled dUTP (Roche, Mannheim, Germany) [74] . Sperm samples (4 3 10 7 cells/ml) were fixed with 4% paraformaldehyde in PBS at RT for 1 h. After two washes with 100 ll of PBS, the samples were permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate. The elongation reaction was performed by incubating the obtained pellet with 50 ll of labeling solution that contained the TdT enzyme and dUTP for 1 h at 378C in the dark. For each experimental set, a negative control was prepared by omitting TdT from the reaction mixture. Two subsequent washes with PBS at 600 3 g for 10 min at RT were performed to stop the reaction, and flow cytometry analysis was carried out. Positive controls were simultaneously prepared by an additional treatment with 10 IU DNase I for 10 min at 158C-258C before the elongation reaction. Monitored parameters were FS log, SS log, and FL1 (TUNEL).
Detection of Activated Caspases
Active caspase-3 and -7 were detected with the caspase FITC-VAD-FMK in situ marker indicated in Microscopic Detection of Caspases. Samples of 300 ll (1 3 10 6 cells) containing FITC-VAD-FMK (5 nM) were incubated at 378C and 5% CO 2 in the dark for 60 min. After washing twice with 100 ll of washing buffer (supplied with the kit) by centrifuging at 600 3 g for 8 min at RT, the obtained pellet was resuspended with 300 ll of washing buffer containing 7.3 lM ethidium homodimer, and flow cytometry was performed within 10 min. Monitored parameters were FS log, SS log, FL1 (FITC-VAD-FMK), and FL4 (Ethd1). With this technique, four sperm subpopulations were distinguished: events in the lower quadrants represented intact spermatozoa, nonapoptotic (left quadrant, FITC-VADÀ/EthÀ) or with active caspase-3 and -7 (right quadrant, FITC-VADþ/EthÀ); events in the upper quadrants represented dead spermatozoa, with (right, FITC-VADþ/Ethþ) or without (left, FITC-VADÀ/Ethþ) active caspases.
Detection of activated caspase-8 and -9 was based on the use of either the caspase-8 inhibitor IETD-FMK or the caspase-9 inhibitor LEHD-FMK, respectively, conjugated to FITC (FITC-IETD-FMK or FITC-LEHD-FMK) as described above. The samples were analyzed by flow cytometry within 10 min using the FL-1 and FL-4 channel. Monitored parameters were FS log, SS log, FL1 (caspase-8 or -9), and FL4 (Ethd1), and calibration of overlapping fluorescence was carried out.
With this procedure, four sperm subpopulations were distinguished: events in the lower quadrants represented intact spermatozoa, non-apoptotic (left quadrant, FITC-IETDÀ/EthÀ or FITC-LEHDÀ/EthÀ) or with active caspase-8 or -9 (right quadrant, FITC-IETDþ/EthÀ or FITC-LEHDþ/EthÀ); events in the upper quadrants represented dead spermatozoa, with (right, FITC-IETDþ/Ethþ or FITC-LEHDþ/Ethþ) or without (left, FITC-IETDÀ/Ethþ or FITC-LEHDÀ/ Ethþ) active caspases.
Determination of Capacitation Status
The capacitation status was determined by means of chlortetracycline (CTC) [75] . Ethidium homodimer was used as a vital stain, as previously validated for ram semen [76] . Three sperm types were estimated [77] : noncapacitated (NC, even distribution of fluorescence on the head, with or without a bright equatorial band), capacitated (C, with fluorescence in the anterior portion of the head), and acrosome-reacted cells (AR, showing no fluorescence on the head). We examined the samples, within 12 h, using a Nikon Eclipse E-400 microscope under epifluorescence illumination with a V-2A filter. All samples were processed in duplicate, and we scored at least 150 spermatozoa per slide. No fluorescence was observed when CTC was omitted from the preparation.
Zona Pellucida-Binding Assays
Ewe ovaries were collected at the slaughterhouse and transported to the laboratory in sodium chloride 0.9% at RT. The ovaries were washed in PBS and frozen at À208C until use [78] . On the day of the assays, the ovaries were thawed at RT and washed in PBS. Oocytes were collected by slicing and puncture techniques [79] . Oocytes with no cumulus cells and intact zona pellucida were selected, distributed randomly, and placed in the wells of a fourwell Petri dish with 400 ll of fertilization medium (consisting of Synthetic Oviductal Fluid without glucose [80] supplemented with 2% [v/v] of estrous sheep serum, 10 lg/ml of heparin, and 1 lg/ml of hypotaurine). These were kept at 398C and 5% CO 2 in a humidified atmosphere until use. Spermatozoa were diluted in fertilization medium and added to the oocytes, with a final concentration of 5 3 10 5 cells per milliliter in each well. The wells were covered with mineral oil and kept under a humidified atmosphere with 5% CO 2 at 398C for 1.5 h. After incubation, the oocytes were placed in a Petri dish with HEPES-TCM medium (Sigma) and washed by gentle pipetting to remove unattached spermatozoa [81] . Then, the oocytes were fixed in glutaraldehyde 1.5% for 15 min and stained with Hoechst 33342 (1 lg/ml; Sigma) for another 15 min at 378C. Groups of five to six oocytes were placed in a slide under a coverslip and examined with a fluorescence microscope at 4003. The number of zona pellucida-attached spermatozoa per oocyte was counted and recorded.
Statistical Analysis
The results are shown as mean 6 SEM of the number of samples indicated in each case. All binomial and nominal variables, expressed as percentage, were analyzed by the chi-square test, whereas continuous data (zona pellucidabinding assay [ZBA] results, VCL, VSL, VAP, and ALH) were analyzed using ANOVA, with DMS as a post-hoc test after a Kolmogorov-Smirnov normality test (SPSS Software version 14.0, SPSS, Inc., Chicago, IL).
RESULTS
The Molecular Machinery of the Extrinsic and Intrinsic Apoptotic Pathway Is Evidenced in Ram Spermatozoa
To investigate the mechanisms of death signaling in ram spermatozoa, we previously analyzed [1] the presence of the key constituents of apoptosis-related pathways described in somatic cells in ram sperm proteins extracted from spermatozoa freed from SP, both fresh and refrigerated samples. By dot blot assays using membranes with immobilized antibodies, we found a very slight signaling of the cytochrome c spots in fresh ram spermatozoa selected by swim-up (negative control; Fig.  1A ). Refrigeration (Fig. 1C) cytochrome c (involved in the initiation of the mitochondrialrelated apoptosis), proapoptotic factors (Bax, Bid, Bim, SMAC), antiapoptotic factors (Bcl-2, Livin, Survivin, CD40L, insulin-like growth factor IGF-I and IGF-II), heat shock proteins (HTRA, HSP60, HSP70) and caspases. Positive control of apoptosis-induced hepatocytes processed under identical conditions showed even higher signaling (Fig. 1B) . The analysis was carried out in triplicate, and representative membranes are shown.
Detection of Caspase-3, -7, -8, and -9 in Ram Spermatozoa
We detected the presence of caspases in ram sperm refrigerated samples by microscopy labeling with FITC-VAD-FMK for caspase-3 and -7 ( Fig. 2A) , FITC-IETD-FMK for caspase-8 (Fig. 2B) , and FITC-LEHD-FMK for caspase-9 (Fig. 2C) . With this staining, active caspases were evidenced in the postacrosomal region and midpiece.
Additionally, we used indirect immunofluorescence to identify sperm with caspase activity. We have already shown the presence of caspase-3 and -7 in ram spermatozoa by this technique [82] . In this study, we detected caspase-8 (Fig. 3A) and -9 ( 
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and midpiece (caspase-8), and in the apical and postacrosomal regions and midpiece (caspase-9). Negative controls without primary antibodies showed no detectable fluorescent labeling (data not shown).
The antibodies used in the immunocytochemistry assays recognize both forms of caspase, the proenzyme (inactive) and cleaved (active). Therefore, the observed reactivity does not indicate whether the fluorescence corresponds to the active, the inactive, or a mixture of both forms. To determine whether both enzyme forms, active and inactive, were present in ram spermatozoa, we analyzed refrigerated sperm lysates by Western blot. Given that we have already used Western blot to show that fresh ram spermatozoa contain the active and inactive forms of caspase-3 and -7 [82] , here we used anticaspase-8 ( Fig. 4A ) and anti-caspase-9 (Fig. 4B) antibodies. We found a full-length reactive band of caspase-8 (;57 kDa) and the caspase-8 active fragment (;18 kDa; Fig. 4A, lane 1) . Similarly, the proform of caspase-9 was detected as a reactive band of ;50 kDa and the minor subunit of ;15 kDa, and certain intermediate cleaved bands (Fig. 4B, lane 1) . Equivalent bands can be seen in Figure 4 , A, B, lane 2, that correspond to control Jurkat cells treated with camptothecin (BD Pharmingen, Franklin Lakes, NJ), which agrees with those described in the antibody manufacture specifications.
SPP Prevent the Loss of Sperm Plasma Membrane Integrity and Potential Produced by Refrigeration and Induced Apoptosis
Having evidenced the presence of the molecular machinery of the extrinsic and intrinsic apoptotic pathway, as preliminary assays we incubated sperm samples with BA, previously described as an inducer of apoptosis through an intrinsic mechanism in somatic cells [4] and human spermatozoa [59] . We proved that BA treatment affected ram sperm membrane integrity, which lowered (P , 0.001) from 60% 6 1.1% to 43.5% 6 1.5% with 60 lg/ml BA (n ¼ 4). Furthermore, we also found that BA damage was partially prevented by incubation with SPP. In preliminary assays, we established 1.7 mg/ml of SPP as the most effective concentration (data not shown), and it was used in the following experiments.
We carried out a comparative analysis of the effect of sperm refrigeration at 158C, the temperature commonly used in artifical insemination centers using Rasa Aragonesa semen, and the incubation with either BA or FasL, which act through an apoptotic intrinsic or extrinsic way, respectively [83] . In all assays we included control samples that correspond to samples freed from SP by swim-up, incubated, and centrifuged in the same way as the treated ones. The mean value of plasma membrane integrity in the swim-up obtained sample (82.5% 6 1.6%) decreased (P , 0.01) to 60.4% 6 4.3% in these control samples. Both apoptosis inducers resulted in decreased sperm membrane integrity, to a greater degree than refrigeration (Fig.  5A ). The addition of 1.7 mg SPP before incubation prevented sperm membrane damage and accounted for higher sperm survival in samples refrigerated (64.4% 6 8.9% vs. 57.2% 6 6.2%, P , 0.05) or incubated with BA (56.0% 6 5.6% vs. 44.7% 6 6.0%, P , 0.001). However, the proportion of membrane-intact spermatozoa in FasL-treated samples (49.9% 6 5.3%) was not significantly changed by the addition of SPP before treatment (50.1% 6 2.5%; Fig. 5A ). MENDOZA ET AL. 6 Article 149 
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We also determined the ability of SPP to prevent changes in CMP. Firstly, we carried out control experiments, staining the cells with DiOC 6 /PI (to exclude nonviable cells) and MitoT (a mitochondrion-selective stain that is concentrated by active mitochondria) with and without CCCP (an uncoupling agent that destroys the mitochondrial membrane potential) in order to differentiate coupled/uncoupled mitochondria. We proved that the cell population stained with 10 lM DiOC 6 did not significantly change either with (Fig. 5B, right) or without (Fig.  5B, left) CCCP. These results indicate that, in both conditions, the percentage of sperm stained with DiOC 6 was the same, and then only plasma membrane potential was measured. Once we established the suitable DiOC 6 concentration to assess CMP, we used it to determine whether SPP are able to prevent CMP loss due to refrigeration and induced apoptosis. We found that the proportion of membrane-intact, high-CMP spermatozoa in the fresh samples (64.4% 6 1.1%) decreased (P , 0.001) after incubation and centrifugation in the same conditions as the treated ones (control samples, 25.0% 6 4.1%). The addition of SPP before treatments accounted for a significantly higher proportion of spermatozoa stained with DiOC 6 , i.e., with high CMP, in BA-(P , 0.01) and FasL-(P , 0.05) treated samples, compared with their respective controls. Furthermore, we also proved that the addition of SPP to control samples increased the sperm population with high CMP (P ¼ 0.071; Fig. 5C ).
SPP Avoid Motility Loss and Protect Mitochondria Against Refrigeration and Apoptosis Alterations
The evaluation of motility parameters revealed that the incubation and centrifugation of the swim-up-obtained samples also resulted in lower motility values in the control samples ( Table 1 ). The addition of SPP preserved higher values (P , 0.001) of both total and progressive motility in all treated samples compared with their respective controls. The highest effect was found in FasL-containing samples in which an increase of 136% (P , 0.001) in progressive motility was found. Regarding motion parameters, the addition of SPP before treatments resulted in increased values of VCL, VSL, VAP, and LIN.
We also determined several mitochondrial markers, given the significance of mitochondria in sperm motility. We combined YoPro, an impermeable nuclear dye used as an apoptotic marker, with MitoT to evaluate the DWm of viable cells. The results obtained showed that the proportion of viable spermatozoa with high DWm (MitoTþ/YoProÀ) in fresh samples (63.6% 6 1.5%) decreased (P , 0.001) after incubation and centrifugation (control samples, 12.3% 6 5.3%), and that the loss of DWm caused by apoptosis inducers was prevented by SPP. The rate of viable spermatozoa with high DWm was higher (P , 0.01) when the samples were previously incubated with SPP (11.5% 6 5.1% or 13.2% 6 5.3% vs. 7.1% 6 3.6% or 8.3% 6 3.2% in BA-or FasLtreated samples, respectively; Fig. 6A ). However, no significant effect of SPP was found in refrigerated samples.
To measure the MIMS, we combined NAO with PI to exclude nonviable cells. NAO staining indicates the content in cardiolipin [71, 72] , which is the main acidic phospholipid present in the inner mitochondrial membrane [84] . The results showed that the proportion of viable spermatozoa with high MIMS (NAOþ/PIÀ) in the swim-up-obtained sample (62.3% 6 1.1%) decreased (P , 0.001) after processing in the same conditions as the treated ones (14.4% 6 2.1% in the control samples). SPP also preserved mitochondrial functionality, and their addition before treatments accounted for higher propor- 
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tions of viable spermatozoa with high MIMS in refrigerated (19.6% 6 4.8% vs. 10.2% 6 3.5 %, P , 0.01) and FasLtreated (28.4% 6 9.1% vs. 8.9% 6 3.8%, P , 0.001) samples, while no difference was observed in samples treated with BA (16.2% 6 5.7% vs. 16.0% 6 5.2%; Fig. 6B ).
Effect of SPP on Apoptotic Markers
The translocation of PS from the inner side of the plasma membrane to the outer leaflet is one of the typical signs of apoptosis by which PS become exposed at the external surface of the cells [20] . The proportion of spermatozoa with inverted PS in fresh samples (22.2% 6 2.4%) increased (P , 0.01) after incubation and centrifugation (control samples, 47.5% 6 3.1%). Refrigeration and incubation with FasL resulted in higher (P , 0.05 and P , 0.01, respectively) sperm number with inverted PS than that in the control, while the effect of BA was not significant. SPP were able to abrogate PS translocation (P , 0.001) in refrigerated (14.5% 6 4.6% vs. 41.5% 6 3.8%), BA-(19.3% 6 3.0% vs. 52.3% 6 9.3%), and FasL-(36.8% 6 5.4% vs. 55.2% 6 6.7%) treated samples (Fig. 7A) . Additionally, we also found a beneficial effect of SPP in control samples that showed lower (P , 0.001) PS translocation.
Furthermore, refrigeration and apoptosis increased the proportion of spermatozoa with damaged DNA. The TUNELþ sperm rate in fresh samples (1.6% 6 0.2%) increased (P , 0.001) in control samples (8.4% 6 1.2%), which further increased up to 11.1% 6 0.6% (refrigeration), 11.3% 6 1.6% (BA, P , 0.05), and 13.5% 6 1.3% (FasL, P , 0.001). The addition of SPP before treatments also resulted in lower proportions of DNA-damaged spermatozoa in refrigerated (7.5% 6 1.0%), BA-(7.3% 6 0.8%, P , 0.01), or FasL-(8.6% 6 0.6%, P , 0.001) treated samples, respectively, when compared with their controls (Fig. 7B) .
Caspases are regulated at a posttranslational level, ensuring that they can be rapidly activated. The results obtained showed that all treatments induced caspase-3 and -7 activation, and that refrigeration produced an even greater effect than induced apoptosis due to BA or FasL. Incubation and centrifugation of fresh samples did not significantly affect the proportion of spermatozoa with active caspase-3 and -7 (18.3% 6 1.5% vs. 19.0% 6 3.2% in control samples). This increase was very significant (P , 0.001) after refrigeration and BA or FasL treatment (39.1% 6 15.0%, 29.5% 6 3.3%, and 32.5% 6 4.0%, respectively). The addition of SPP before treatments accounted for a significant reduction in the proportion of sperm with active caspase-3 and -7, which decreased (P , 0.001) in refrigerated (22.4% 6 11.5%) and BA-treated (16.5% 6 4.6%) samples. However, no significant differences were found in FasL-treated samples (Fig. 7C) .
To clarify the mechanism of the SPP protective effect, we evaluated the activity of caspase-8 (involved in the initiation and execution of apoptosis through the extrinsic pathway) and caspase-9 (the apical caspase of the intrinsic pathway) in control, refrigerated, and BA-or FasL-treated samples, either with or without added SPP. The sperm rate with active caspase-8 (24.8% 6 2.3%) and -9 (10.9% 6 1.3%) in the swim-upobtained sample increased (P , 0.001) after incubation and centrifugation (control samples, 59.% 6 2.2% and 58.3% 6 2.5%, respectively). We found no significant further increase in the proportion of sperm with active caspase-8 in any treatment, while refrigeration and incubation with FasL resulted in caspase-9 activation (P , 0.001). The addition of SPP accounted for decreased proportions of spermatozoa with active caspase-8 in BA-(51.6% 6 3.4% vs. 65.2% 6 8.8%, P , 0.001) and FasL-(52.7% 6 7.2% vs. 63.6% 6 11.0%, P , 0.01) treated samples (Fig. 7D) . Similarly, the activation of caspase-9 was lower in the presence of SPP in refrigerated (64.1% 6 5.8% vs. 72.5% 6 3.1%, P , 0.05) and FasLtreated (54.1% 6 2.7% vs. 70.8% 6 6.7%, P , 0.001) FIG. 6 . Effect of SPP on mitochondrial functionality of ram sperm refrigerated and with induced apoptosis by the addition of either BA (intrinsic pathway) or FasL (extrinsic pathway). Aliquots containing 4 3 10 7 spermatozoa freed from SP were incubated with 1.7 mg/ml SPP for 15 min at RT, and then refrigerated at 158C for 30 min, or incubated with either 60 lg/ml BA or 2 lg/ml FasL for 30 min at RT. Control samples were maintained in the same conditions with no added SPP. A) Membraneintact cells with high inner mitochondrial membrane potential (DWm; YoProÀ/MitoTrackerþ; n ¼ 9). B) Viable cells with high cardiolipin content (MIMS; NAOþ/PIÀ; n ¼ 5). Mean values 6 SEM of the number of assays indicated in each case. Significant differences related to controls: **P , 0.01, ***P , 0.001.
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FIG. 7. Effect of SPP on apoptotic markers of ram sperm refrigerated and with induced apoptosis by the addition of either BA (intrinsic pathway) or FasL (extrinsic pathway). Without (upper panels) and with (lower panels) caspase inhibitors (10 lM Caspase Inhibitor X and 1 ll/ml Caspase-9 Inhibitor I). Aliquots containing 4 3 10 7 spermatozoa freed from SP were incubated with 1.7 mg/ml SPP for 15 min at RT, and then refrigerated at 158C for 30 min, or incubated with either 60 lg/ml BA or 2 lg/ml FasL for 30 min at RT. Control samples were maintained in the same conditions with no added SPP. A) PS externalization (Annexin Vþ; n ¼ 9). B) DNA-damaged spermatozoa (TUNELþ; n ¼ 9). C) Caspase-3 and -7 activation (n ¼ 9). D) Caspase-8 activation (n ¼ 5). E) Caspase-9 activation (n ¼ 5). Mean values 6 SEM of the number of assays indicated in each case. Significant difference related to controls: *P , 0.05, **P , 0.01, ***P , 0.001; related to samples without inhibitors:
þþ P , 0.01, þþþ P , 0.001.
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samples, although no significant differences were found in BAtreated samples (Fig. 7E ). The addition of SPP to control samples also resulted in higher (P , 0.05) proportions of cells with no active caspase-8 and -9.
To further examine the possible role of SPP on caspase activation, we assessed the effect of caspase-3, -7, -8, and -9 inhibitors on apoptotic markers in control and treated samples. As expected, the addition of caspase inhibitors accounted for lower levels of active effector caspases in all samples, either with or without SPP, although the decrease in initiator caspase activity was lower. The levels of active caspase-8 ( Fig. 7D ) and -9 (Fig. 7E) found in control samples were higher than those of caspase-3 and -7, and they also remained higher when caspase inhibitors were added. In the absence of SPP (control samples), the addition of caspase inhibitors slightly decreased PS externalization (Fig. 7A) , and no significant effect in DNA damage was found (Fig. 7B) .
Linear regression analysis demonstrated positive correlations in the levels of active caspase-8 and both caspase-9 ( Fig.  8A ) and the effector caspases caspase-3 and -7 (Fig. 8B) , as well as between caspase-9 and the effector caspases (Fig. 8C ) in all treated samples.
SPP Prevent Capacitation-Related Changes
To know whether the SPP protective effect is related to capacitation, we determined the capacitation status of control, refrigerated, and apoptosis-induced sperm samples, with/ without added SPP. The proportion of viable, noncapacitated sperm in fresh samples (61.3% 6 2.0%) decreases (P , 0.001) after incubation and centrifugation (control samples, 26.6% 6 3.7%). A higher proportion of viable, noncapacitated sperm was found when SPP were added before refrigeration (33.2% 6 3.7% vs. 26.7% 6 6.7%, P , 0.05) and incubation with BA (31.9% 6 3.8% vs. 18.7% 6 3.7%, P , 0.001) or FasL (29.9% 6 1.4% vs. 17.2% 6 2.8%, P , 0.001; Fig. 9 ).
SPP Increase the Sperm Fertilizing Potential
To establish whether the protective effect of SPP is reflected in the fertilization potential, we performed additional experiments to comparatively determine the influence of SPP on the ZBA, an indicator of the fertilizing ability. As shown in Table  2 , refrigeration and incubation with BA resulted in lower (P , 0.05) ZBA values. The treatment with FasL also resulted in a lower ZBA rate, although the difference was not significant. The addition of SPP before treatments preserved the fertilizing potential, and no significant difference was found in any case compared to the untreated control sample. The protective effect of SPP was statistically significant in BA-treated samples in which the number of sperm bound to oocyte was the highest. However, the addition of SPP to nontreated control samples resulted in a decreased (P , 0.05) ZBA value, which was similar to those of treated (refrigerated or apoptosis-induced) samples. 
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DISCUSSION
To provide new insights into the mechanisms through which SPP are able to protect spermatozoa, in this study we sought to examine the relationship between refrigeration and apoptosis and to assess the ability of SPP to prevent sperm alterations due to both processes. We have already shown the presence of caspase-3 and -7 in ram spermatozoa by immunocytochemistry and Western blot [23] . In this study, we show the presence of other key molecules in the functioning of the extrinsic and intrinsic apoptotic pathway in extracted ram sperm proteins by using dot blot assays with membranes developed for human cell studies (Fig. 1) . The gen of Fas of Ovis aries has been sequenced and shows a 57% homology with the human Fas sequence. Regarding FasL, only a short fragment of 48 amino acids of a Fas ligand-like protein of ovine was found in the databases, which shows a high homology with the human FasL sequence (90%). BLAST (http://blast.ncbi.nlm.nih.gov) of FasL from human and bovine showed 84% identity. The sequence of cytochrome c is well conserved across species. Its homology between ovine and human is 90%, and 100% with that of bovine. The only caspase gen sequenced in ovine is caspase-3, which shares 86% identity with that of human. The rest of the caspases show a high homology between human and bovine: 89% (caspase-7), 70% (caspase-8), and 80% (caspase-9). Ovine and bovine are phylogenetically two closely related species, as shown by Kijas et al. [85] , who studied the rate of molecular evolution of ovine and bovine genes based on the sequence of 120 genes, including caspase-3, and found that less than 3% of protein-coding nucleotide positions were different. Therefore, the antibodies used in the dot blot assays should be suitable for use in ovine. Additionally, the results obtained by microscopic detection, immunocytochemistry, and Western blot analysis of caspases reinforce the functioning of the extrinsic and intrinsic apoptotic pathway in ram spermatozoa.
Our findings showed that the values of all analyzed characteristics where significantly lower in the controls than in the fresh samples. This might be due to the high sensitivity of ram spermatozoa to centrifugation damage. In this study, spermatozoa were freed from SP by swim-up (fresh samples) in order to have an appropriate model for assessing the SPP effects. These samples were subsequently incubated and centrifuged in the same way as the treated ones (control samples), which greatly affected the sperm quality. Despite this, our results showed that this additional alteration is not an impediment for the SPP protective effect and that incubation with SPP prior to treatment rescued spermatozoa from undergoing several damages. The protective effect of SPP on plasma membrane integrity and potential (Fig. 5) is very significant due to the important role of the plasma membrane in sperm functionality. This effect was outstanding in FasLtreated samples, in which the progressive motility increased substantially (Table 1) . SPP were also able to protect mitochondria, as their addition to BA-or FasL-treated samples resulted in significantly higher DWm (Fig. 6) . The high effect of SPP on motility in FasL-treated samples is consistent with the protective effect observed in the MIMS (cardiolipin content), which increased significantly not only in relation to the sample without PPS but also in relation to the controls (Fig.  6B) . A decrease in DWm and/or MIMS can result in mitochondrial dysfunction, with a subsequent depletion in ATP. Therefore, a lack of energy can be responsible for the decreased sperm motility found after treatments, which could be abrogated by the addition of SPP. Our results are consistent with previous observations of the beneficial effect of SP on sperm motility of ram [86] and stallion [87] . It is worth noting that BA did not affect MIMS, although it resulted in lowered DWm, which indicates that BA affects mitochondria at a different level than FasL or even refrigeration, which induced a high decrease in MIMS. Accordingly, the protective effect of SPP on MIMS was evidenced in refrigerated and FasL-treated samples but not in those treated with BA, although motility characteristics were preserved in all treatments. These data strongly suggest that certain mitochondrial membrane alterations may not be reflected in sperm motility modifications, which supports our recent observations [66, 67] .
The results of this study showed that refrigeration and incubation with apoptosis inducers resulted in slight increases in PS externalization and DNA fragmentation. In the presence of SPP, the values of these markers as well as the effector caspase activity were lower, particularly in refrigerated and BA-containing samples. We then assessed the activation state of caspase-8 and -9 with the aim of discriminating between the extrinsic and intrinsic pathways. We found that activation of both caspases occurred in all treatments, but curiously, the only significant increases were found in caspase-9 due to both refrigeration and FasL, which indicates that the incubation with FasL resulted in impaired mitochondrial function. Activation of caspase-9 was slightly prevented by SPP, while, against expectations, no significant effect of SPP was found in BAcontaining samples (Fig. 7E) . Likewise, SPP abrogate caspase-8 activation (Fig. 7D ) not only in FasL-treated samples, as expected for an inducer of the extrinsic pathway, but also in those incubated with BA, which should activate the intrinsic pathway. These surprising data suggest a connection between both pathways in ram spermatozoa. Although the initiator caspases, including caspase-8 and -9, appear to have some specificity for different types of upstream signals and downstream substrate procaspases, caspase-8 may promote caspase-3 activation by cleaving Bid (a member of the Bcl-2 family, promoter of apoptosis activated by caspase-8), which links the extrinsic to the intrinsic pathway by translocating to mitochondria and promoting cytochrome c release, as reported in cancer cells [4] . Likewise, apoptosis in ejaculated spermatozoa might occur due to activation of caspase-3 by both extrinsic and intrinsic pathways [88] . The presence of Bid in ram spermatozoa (Fig. 1) and the positive correlations in the levels of both active caspase-8 and -9 with those of caspase-3 and -7 in BA-and FasL-treated samples (Fig. 8) are significant, lend support to the findings obtained, and are in disagreement with previous reports that concluded that Fas might be either nonfunctional or nonoperative in ejaculated human sperm [59] , although Fas binding sites have already been described in those cells [15] . Furthermore, BA has already been shown to significantly trigger caspase-9 and caspase-3 activation, and it has been suggested that caspase-8 may be activated to a certain level as a result of caspase ''crosstalk'' [59] .
However, the results obtained in the presence of caspase inhibitors (Fig. 7) cause us to question the knowledge acquired from previous data. The fact that in the absence of SPP the inhibitors had a slight effect on PS externalization and no significant effect on the protection of DNA is noteworthy. Furthermore, the proportions of sperm with active effector caspases decreased in the presence of inhibitors as expected, while the levels of active caspase-8 and -9 still remained high. Then, the possibility that caspases are not fully inhibited in the conditions of these assays, and/or that they had been activated during the control sample processing, cannot be ruled out. Likewise, the detrimental effects of refrigeration and incubation with BA or FasL, as well as the SPP protective effect, might be explained by other mechanisms unrelated to apoptosis. We have shown that SPP prevent and repair the cold-shock damage by adsorption onto the sperm surface [39, 40, 42, 47] . Thus, SPP would prevent both the binding or entry of apoptosis inducers and the membrane disorganization by cold-shock.
It is also worth noting that the addition of SPP to control (untreated) samples accounted for higher sperm quality values, which suggests that these spermatozoa may have better survival rates. Our findings are in accordance with a report that showed the protective effect of SP on DNA damage during human sperm preparation [89] , and our findings corroborate our previous results (reviewed by [90] ). We already hypothesized that this protective effect is related to the SPP decapacitating role, deduced from the protein release from the membrane during in vitro capacitation [54] as also previously reported [55] . To investigate this hypothesis, in the present study we assessed both the sperm capacitation state and the fertilizing ability of treated samples with/without the addition of SPP. We proved that the SPP protective effect is related to the membrane status of spermatozoa (capacitation), as we found that the proportion of viable noncapacitated sperm decreased in the presence of apoptosis inducers and increased with the addition of SPP before treatments (Fig. 9) . Next, we tried to perform in vitro fecundation assays, but the apoptosis inducers were extremely harmful for the oocytes. Therefore, we determined the ability of sperm to bind to the zona pellucida (ZBA), which is one of the most important indicators for sperm fertilizing ability [91] . The effective binding of spermatozoa to the zona pellucida can reflect multiple sperm functions such as viability, motility, morphology, acrosome status, and the ability to penetrate the oocyte [92] . The protective effect of SPP is also evidenced in the fertilization potential, as we proved by the ZBA that showed the ability of SPP to avoid the effect of refrigeration and apoptosis inducers, resulting in a higher ZBA rate. Interestingly, the addition of SPP to control samples accounted for a significant prevention of the loss of cellular membrane integrity and potential, motility, inner mitochondrial membrane surface, and apoptosis-related markers, with no changes in the capacitation status and a lower ZBA rate. These data could be interpreted as representing an increase in the membrane stabilization of untreated sperm due to SPP, which would prevent capacitation, and this supports our previous hypothesis based on the presence of FN2 domains (Fibronectin Domain Type II) in ram SPP, first described in the major protein family of bovine SP [93] . Based on the mechanism of adsorption of these proteins to the sperm surface and the reported biological role [94, 95] , we proposed [54, 90] that the FN2 domain would allow SPP to take part in the protein structure surrounding the spermatozoa. They could bind to the sperm surface at ejaculation, stabilizing membrane phospholipids and maintaining the spermatozoa in a decapacitated state (decapacitating factors), and later participating in membrane modification during capacitation, as also suggested for BSP proteins [95, 96] . Thus, SPP might delay the progression of sperm membranes to the acrosome-reacted state, maintaining more capacitated cells over time available for fertilization, as already suggested by other authors [86] .
In conclusion, the findings of the present study show the presence of key molecules in the functioning of the extrinsic and intrinsic apoptotic pathway in ram spermatozoa. Our results also indicate that SPP support the survival of ram spermatozoa, acting not only at the plasma membrane but also influencing motility, mitochondrial functionality, and capacitation. The possibility that SPP might interfere with both the extrinsic and the intrinsic apoptotic pathways supports the idea that there might be multiple downstream effectors of SPP involved in sperm survival. The results of this research open up new and interesting perspectives for the study of an important cellular regulatory mechanism in spermatozoa, which could be crucial for the development of improved ram semen preservation protocols. Given the homology between the sequences of SPP identified as sperm protectors in ram and other mammalian species (reviewed in [38] ), SPP could be useful for the development of semen-based reproductive technologies in several species.
